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Structural  and  thermoelectric  transport  properties  of  Ba2*  containing  lanthanum  cobaltate  (La,_xBax_ 
Co03;  x  =  0.01,  0.03, 0.05)  prepared  by  soft  chemistry  method  were  investigated  and  discussed.  The  influ¬ 
ence  of  the  fuel-to-oxidizer  ratio  (<f>)  of  the  redox  mixture  on  the  powder  microstructure  was  studied.  The 
agglomeration  grade  of  the  nanocrystalline  perovskite  phases  can  be  influenced  due  to  initial  composi¬ 
tion  of  the  redox  mixture.  Since  the  different  burning  characteristic  of  the  polymerized  gels  results  in  dif¬ 
ferent  xerogel  structures,  the  as-calcined  single  phase  perovskite  samples  show  different  compacting  and 
sintering  behavior.  The  thermoelectric  transport  properties  were  measured  in  the  300-1300  K  tempera¬ 
ture  range.  It  was  found  that  the  electrical  and  thermal  conductivity  of  the  sintered  pellets  show  strong 
dependence  on  microstructure.  In  addition  increasing  Ba2+  content  in  the  samples  results  in  lower  ther¬ 
mal  conductivity  values  (k  <  1.5  W/K  m).  The  calculated  dimensionless  figure  of  merit  (ZT)  showed  max¬ 
imum  value  in  the  400-500  K  range. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nowadays,  thermoelectric  energy  conversion  is  becoming  more 
important,  since  it  provides  the  possibility  of  environmentally 
clean,  scalable  power  generation  from  otherwise  unused  waste 
heat.  Thermoelectric  generators  consisting  of  n-  and  p-type  semi¬ 
conductor  legs  connected  electrically  in  series  and  thermally  in 
parallel  are  solid  state,  low  maintenance  and  durable  devices. 
The  direct  conversion  of  the  heat  into  electricity  by  thermoelectric 
materials  is  based  on  the  Seebeck-effect.  The  efficiency  of  a  ther¬ 
moelectric  material  can  be  expressed  by  the  dimensionless  fig- 
ure-of-merit  (ZT),  which  is  defined  as  ZT  =  S2T<7/jc,  where  S,  a,  T 
and  k  are  the  Seebeck  coefficient,  electrical  conductivity,  absolute 
temperature  and  thermal  conductivity,  respectively.  In  general, 
efficient  thermoelectric  material  exhibits  large  absolute  Seebeck 
coefficient  (S),  high  electrical  conductivity  (it)  and  at  the  same  time 
low  thermal  conductivity  (k).  Up  to  now,  ZT  =  1  rates  as  a  typical 
benchmark  value  and  the  strong  interdependence  of  S,  a  and  k 
makes  the  ZT  enhancement  especially  difficult  [1-3].  Authors  have 
reported  ZT  values  beyond  the  benchmark  value  for  nanostruc- 
tured  materials,  where  the  enhanced  ZT  value  was  realized  primar¬ 
ily  due  to  decreased  thermal  conductivity  [3,4],  Thermal 
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conductivity  (Ktotai)  in  metals  and  semiconductors  can  be  discussed 
in  terms  of  electronic  (Ke)  and  phonon  (fcph)  contribution, 
Ktotai  =  Ke  +  Kph-  While  in  metals  the  electronic  contribution  to 
the  overall  thermal  conductivity  is  predominant,  in  semiconduc¬ 
tors  the  majority  of  heat  is  transported  by  phonons  (i.e.  collective 
lattice  vibrations). 

Perovskite  type  cobaltates  are  promising  thermoelectric  oxides 
[5].  Substitution  of  La3+  by  divalent  ions  in  LaCo03,  such  as  Ca2+, 
Sr2*,  Ba2+  has  a  significant  influence  on  the  spin  state  of  Co 3+/ 
Co4+,  oxygen  vacancy  concentration  and/or  crystal-structure  dis¬ 
tortions  in  the  material,  which  also  affect  the  physical,  i.e.  electric 
and  magnetic  properties  [6,7],  For  instance,  substitution  of  La3* 
with  Ba2*  results  in  enhanced  oxide  ion  conductivity  in  the  sam¬ 
ples  up  to  certain  Ba2*  levels  [8],  It  was  reported  earlier  that  elec¬ 
trical  conductivity  of  La,  xBaxCo03  shows  unusual  behavior  due  to 
high  temperature  semiconductor-metal  transition  at  low  doping 
(x)  levels,  or  changing  from  semiconductor  to  metal  at  higher 
(x  fs  0.50)  doping  levels  [9],  Previous  studies  showed  that  semicon¬ 
ductor-metal  transition  takes  place  at  about  x  ~  0.20  doping  levels 
in  Lai_xBaxCo03  and  in  the  same  time  above  this  level  the  samples 
display  ferromagnetic  metal  behavior  [10], 

Over  the  years  several  wet  chemical  synthesis  methods  have 
been  proposed  and  developed  for  preparation  of  oxide  ceramics. 
Notable  methods  are  sol-gel  [11],  Pechini-method  or  so-called 
polymerized  citrate  complex  method  [12,13],  co-precipitation 
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[14,15],  microemulsion  mediated  [16]  and  hydro/solvothermal 
method  [17], 

In  the  present  study  Ba2+  doped  LaCo03  ceramics  were  prepared 
by  means  of  gel  combustion  method  and  characterized  for  their 
thermoelectric  transport  properties.  The  effect  of  the  fuel-to-oxi- 
dizer  ratio  on  the  crystal  and  micro  structure  of  the  as-prepared 
perovskite  powders  as  well  as  of  the  sintered  pellets  was  studied. 
Thermoelectric  transport  properties  were  determined  in  the 
300-1300  K  temperature  range.  Relationship  between  the  gel  com¬ 
bustion  characteristics,  powder  microstructure  and  sinterability,  as 
well  as  thermoelectric  transport  properties  are  discussed  in  detail. 

2.  Experimental 

2.1.  Material  preparation 

In  this  study  a  series  of  four  samples  was  synthesized.  The  sample  labels,  com¬ 
position  and  the  applied  fuel-to-oxidizer  ratio  are  summarized  in  Table  1.  In  order 
to  obtain  La,  YBaxCoO,  (0.01  x ,  0.05)  samples  corresponding  high  purity  metal 
nitrates  (Sigma-Aldrich,  La(N03)3-6  H20,  Co(N03)2-6  H20,  Ba(N03)2)  were  used  as 
source  materials.  Analytical  grade  L-malic  acid  (MA)  (Sigma-Aldrich,  C4H6O5,  anhy¬ 
drous,  >99.5%)  was  used  as  chelating  agent  (and  fuel)  and  ethylene  glycol  (EG) 
(Fluka,  C2H602,  >99.5%)  was  applied  for  promoting  polyestherification.  The  calcu¬ 
lated  amounts  of  metal  salts  were  dissolved  first  in  deionized  water  followed  by  the 
mixing  of  malic  acid  solution.  To  provide  highest  gel  homogeneity  and  avoid  impu¬ 
rities  due  to  precipitation  malic  acid  was  used  as  fuel  during  syntheses  instead  of 
citric  acid,  which  latter  is  well  known  from  the  so-called  citrate-nitrate  gel  method. 
The  molar  ratio  of  total  metal  ion  (Me)  to  the  malic  acid  was  adjusted  to  1 :3.  The  pH 
of  the  solution  was  measured  to  pH  1  (at  T  =  298  K).  The  metal  ion-malic  acid  solu¬ 
tion  was  stirred  for  2  h  at  333  K  then  calculated  amount  of  ethylene  glycol 
(MA:EG  =  1:2)  was  added  drop  wise  to  the  stirred  complex  solution.  A  sample  (la¬ 
beled  as  LBCOl )  with  reduced  organic  content  (i.e.  decreased  fuel-to-oxidizer  ratio, 
<P)  was  also  prepared,  where  EnMe:MA:EG  =  1:1:1.  Subsequently  temperature  of 
the  reaction  system  was  raised  to  363  K  to  promote  polyestherification  between  hy¬ 
droxyl-,  and  carboxylic  groups  of  ethylene  glycol  and  malic  acid,  respectively.  Due 
to  elevated  temperature  the  solution  medium  was  evaporated  within  4-5  h  and  a 
high  viscous  purple  colored,  homogeneous  gel  was  obtained.  It  should  be  noted, 
no  precipitation  was  observed  during  polymeric  gel  formation.  The  viscous  gels  were 
afterwards  decomposed  under  air  at  473  K  ignition  temperature  in  hot  box  oven. 
The  auto  combustion  took  place  within  40  min  and  voluminous,  brownish  xerogels 
were  obtained.  The  xerogels  were  then  fully  grounded  in  agate  mortar  and  calcined 
at  973  K  for  6  h  under  air,  resulting  in  shiny  black  powders.  For  the  characterization 
of  the  thermoelectric  transport  properties,  the  calcined  powders  were  pelletized 
into  disks  under  uniaxial  pressure  at  151  MPa,  and  the  pellets  were  sintered  at 
1473  K  for  2  h  for  two  times  in  muffle  furnace  under  air;  5  K/min  heating  rate 

2.2.  Characterization  methods 

Thermoanalytical  measurements  (TG,  DTA)  were  performed  by  Derivatograph 
MOM  Q-1500  D  instrument  in  dynamic  mode  under  static  air.  The  xerogel  samples 
( -  1 00  mg  each)  were  heated  in  ceramic  crucibles  from  room  temperature  to  1273  K 
applying  5  K/min  heating  rate.  Each  sample  was  measured  against  mass-stable  a- 
A1203  reference. 

FT-IR  spectra  of  the  xerogels  were  recorded  by  Bruker  Equinox  55  spectrometer 
in  the  4000-650  cm-1  range  in  ATR  mode  using  diamond  window.  The  number  of 
background  and  sample  scans  was  128  each  with  a  resolution  of  4  cm1. 

The  phase  purity  and  the  crystal  structure  of  the  calcined  compounds  were 
investigated  by  powder  X-ray  diffraction  (XRD).  XRD  data  were  collected  on  a 
PAN-analytical  X’Pert  Pro  9-6  diffractometer,  equipped  with  a  linear  detector 
(X’Celerator)  and  Cu  Kcq  radiation.  The  following  setting  in  primary  beam  direction 


was  used:  a  graphite-monochromator,  a  divergence  slit  W,  a  1 0  mm  mask;  a  diver¬ 
gence  slit  ’/4  and  a  Ni-filter.  Step  scanning  mode  with  a  scan  speed  of  0.01  °/s  over  a 
26  range  of  0°  ^  20  s;  140°  was  applied.  The  refinement  of  the  crystal  structures  was 
performed  by  the  Rietveld  method,  using  BRASS  (Bremen  Rietveld  Analysis  and 
Structure  Suite,  version  2.2.0  26.05.201 1  established  by  ZEKAM,  i.e.  “Zentrallabor 
fur  Kristallographie  und  Angewandte  Materialwissenschaften"  University  of  Bre¬ 
men).  In  order  to  fit  the  calculated  values  from  the  structure  model  (yc)  into  the 
measured  data  (y0),  a  spline-interpolation  polynomial  function  was  used  as  a  back¬ 
ground  model  and  a  split  pseudo  Voigt  function  as  peak  shape  model. 

Crystallite  size  of  the  polycrystalline  powders  were  characterized  by  Tecnai  F20 
S-Twin  transmission  electron  microscope  (TEM).  Scanning  electron  micrographs 
and  elementary  composition  of  calcined  powders  as  well  as  of  sintered  pellets  were 
taken  by  FEI  Helios  NanoLab”'  600  DualBeam™  system  equipped  with  an  Oxford  X- 
Max  80  energy  dispersive  X-ray  SD-Detector  (EDX). 

The  thermal  conductivity  of  the  samples  was  measured  indirectly  by  measure¬ 
ments  of  the  thermal  diffusivity  a  (Netzsch  LFA  457  Microflash)  on  disc  shaped  sin¬ 
tered  samples,  and  of  the  specific  heat  Cp  (Netzsch  DSC  404  C).  The  density  of  the 
porous  samples  was  determined  from  geometry  and  mass  determination.  Subse¬ 
quently,  the  electrical  conductivity  and  the  Seebeck  coefficient  were  determined 
by  using  RZ2001i  Ozawa  Science  measurement  system  (Ozawa  Science  Co.,  Nagoya, 
Japan)  on  1.5  x  1.5  x  8  mm3,  bar  shaped  samples  cut  out  from  the  sintered  pellets. 


3.  Results  and  discussion 

The  thermal  behavior  of  the  as-prepared  xerogels  was  investi¬ 
gated  by  thermoanalytical  methods.  In  Fig.  la  the  TG  curves  of 
LBCO  samples  are  presented.  The  whole  decomposition  process 
can  be  divided  into  four  regions.  About  5-8%  weight  loss  occurs 
in  the  first  section,  followed  by  the  most  pronounced  weight  loss 
in  the  second  thermal  regime,  which  is  common  to  all  our  xerogel 
samples.  In  the  third  region  slight  weight  losses  were  registered 
and  through  the  fourth  section  the  samples  were  mass  stable.  Con¬ 
spicuously,  the  total  maximum  weight  loss  up  to  873  K  in  the  case 
of  LBCOl, with  a  reduced  fuel-to-oxidizer  ratio,  is  smaller  (about 
50%)  as  compared  to  the  other  samples  (about  75%).  This  observa¬ 
tion  can  be  explained  with  the  different  combustion  characteristics 
of  the  polymeric  gels.  Based  on  the  propellant  chemistry  principle 
[18]  the  heat  of  combustion  (i.e.  exothermicity  of  the  redox  reac¬ 
tion)  is  the  highest  when  the  ratio  of  the  net  reducing  valence  of 
fuel  to  the  net  oxidizing  valence  of  metal  nitrates  tends  to  unity. 
In  other  words  the  fuel-to-oxidizer  ratio  (<f>)  should  be  1.  In  the 
present  study  malic  acid  and  ethylene  glycol  acted  as  fuel  and  me¬ 
tal  nitrates  as  oxidizer  during  the  combustion  reaction.  Detailed 
description  of  calculation  of  fuel-to-oxidizer  ratio  was  reported 
previously  elsewhere  [19],  In  the  case  of  LBCOl  the  calculated  <P 
was  1.7,  and  for  LBCOla/lb/lc  it  was  around  7.7.  Nevertheless, 
both  compositions  correspond  to  fuel-rich  conditions. 

The  DTA  curves  (Fig.  lb)  were  recorded  in  parallel  to  TG  mea¬ 
surements.  The  above  mentioned  decomposition  steps  can  be  rec¬ 
ognized  as  endothermic  and  exothermic  peaks.  In  the  first  (298- 
473  K)  section  an  endothermic  peak  can  be  seen  which  can  be 
attributed  to  the  elimination  of  the  physically  adsorbed  water.  In 
the  second  thermal  regime  (473-773  K)  several  exothermic  peaks 
can  be  observed,  where  the  residual  nitrates  and  organics  as  well 
as  carbonaceous  by-products  leave  the  xerogels  [20].  In  the  case 
of  LBCOl  sample  the  main  exothermic  peak  in  the  DTA  curve  can 


ratio,  chemical  compositic 


comparis 


tivity  values  of  the  samples. 


Sample  name  Fuel-to-oxidizer  Theoretical  Ba2* 

ratio  (<P)a  content  (at.%) 

LBCOl  1.7  1 

LBCOl  a  7.7  1 

LBCOl  b  7.7  3 

LBCOl  c  7.7  5 


a  calculated  using  the  formulae  found  in  Ref.  [19], 
b  determined  by  EDX  analysis,  see  details  in  Section  2. 
c  experimental  data  measured  at  7  =  373  K. 
d  calculated  by  Eq.  (1). 


Practical  Ba2* 
content  (at.% )b 
0.91  ±  0.09 
0.97  ±  0.09 
2.75  ±0.10 
4.96  ±  0.22 


Measured  thermal  Porosity  Corrected  thermal 

conductivity'  k  [W/m  K]  conductivity"1  k0  [W/m  K] 

2.06  0.088  2.26 

0.65  0.361  1.02 

0.48  0.381  0.78 

0.49  0.397  0.81 
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temperature  (K) 


Fig.  la.  Thermogravimetric  (TG)  analyses  of  the  as-prepared  xerogels. 


be  found  at  about  593  K.  Supposedly  in  this  peak  two  main  thermal 
processes  are  overlap,  therefore  this  temperature  difference  could 
be  recorded  as  the  sum  of  the  released  heat  due  to  (i)  decomposition 


of  residual  nitrate  ions  and  (ii)  oxidizing  of  the  residual  organics 
[21],  In  case  of  the  samples  LBCOla,  lb,  lc  a  smaller  exothermic 
peak  can  be  found  at  593  K  and  a  broad  exothermic  peak  appears 
at  around  673-703  K.  In  the  LBCOl  gel  the  relatively  higher  amount 
of  nitrate  compared  to  the  organics  may  promote  the  elimination  of 
the  organics  and/or  carbonaceous  combustion  by-products  leading 
to  an  effective  oxidation  already  at  lower  temperatures.  In  contrast 
to  that,  in  case  of  polymeric  gels  prepared  with  higher  <P  the  relative 
amount  of  nitrate  is  less.  Consequently  the  same  auto-combusted 
gel  contains  significant  amount  of  non-reacted  and/or  partially 
combusted  organics  (see  corresponding  weight  losses  in  Fig.  la) 
which  will  then  be  oxidized  at  higher  temperatures.  As  a  result, 
the  decomposition  of  polymeric  gels  prepared  with  higher  <t>  is 
eventuated  in  two  separate  exothermic  events.  Associated  with 
the  slight  weight  losses  in  the  third  thermal  regime  (773-873  K), 
diminutive  exothermic  signals  were  detected  in  the  DTA  curves 
(Fig.  lb).  At  this  temperature  region  the  decomposition  of  the  pos¬ 
sibly  present  metal-  and  other  carbonate  species  can  take  place 
[13].  However,  the  presence  of  such  carbonate  compounds  was 
not  evidenced  in  any  of  the  as-prepared  xerogels.  Finally,  in  the 
fourth  region  (873-1273  K)  no  thermal  event  was  registered. 

The  differences  in  the  chemical  composition  and  nature  of  as- 
prepared  xerogels  were  further  analyzed  by  FT-IR  ATR  spectros¬ 
copy.  In  Fig.  2  the  corresponding  spectra  are  shown.  The  broad 
absorption  band  at  around  3250  cm-1  is  characteristic  of  stretch¬ 
ing  vibration  of  hydroxyl  group  (v(0— H)).  The  band  found  at 
around  2940  cm1  in  the  spectra  of  LBCOla,  lb,  lc  relates  to  asym¬ 
metrical  stretching  vibration  of  (— CH2— )  group  [22],  and  the  band 
at  2342  cm1  originates  from  presenting  C02.  The  band  below 
700  cm  1  could  originate  from  metal-oxygen  (M— O)  bonds 
[23,24],  The  major  differences  between  the  FT-IR  spectra  of  LBCOl 
(0  =  1.7)  and  the  other  three  samples  {0  =  7.7)  can  be  observed  in 
the  1800-700  cm -1  spectral  range.  In  case  of  the  LBCOl  xerogel 
significantly  less  absorption  bands  were  assigned,  which  suggest 
a  more  complete  decomposition  of  polymeric  resin  during  the 
autocombustion  process.  Accordingly,  the  absorption  band  appears 
at  833  cm1  is  characteristic  of  nitrate  anion,  however  the  peaks  at 
about  780  cm-1  and  1375  cm  1  could  originate  from  stretching 
vibration  of  (— C=0)  related  to  carboxylate  group  or  from  nitrate 
anion,  as  well  [25],  Peak  found  at  1557  cm1  and  the  slight  shoul¬ 
der  observed  at  around  1634  cm -1  are  attributed  to  the  asymmet¬ 
rical  stretching  vibration  of  carboxylate  anion  and  carbonyl  group, 
respectively,  which  is  a  clear  indication  of  organic  matter  presents 
in  the  as-prepared  xerogel.  In  the  FT-IR  absorption  spectra  of  the 
LBCOla,  lb  and  lc  xerogels  several  other  bands  can  also  be  found. 
Peaks  at  864  cm1  and  970  cm  1  are  attributable  to  vibrations  of 
CH  groups  (y(CH))  and  the  absorption  bands  at  1030  cm  1  and 
1082  cm  1  are  characteristic  of  symmetrical  stretching  vibration 
of  C— O(H)  groups.  The  sharp  peak  located  at  1155  cm  1  and  the 
following  bands  at  1244  cm -1  and  at  1275  cm1  can  be  attributed 
to  asymmetrical  stretching  of  C— O— C  bond  which  chemically  de¬ 
rived  from  the  carboxylic  acid  ester  functional  group.  The  band 
at  1425  cm1  which  appears  as  a  shoulder  in  the  spectra,  is  related 
to  the  symmetrical  bending  vibration  of  — CH2—  (<5SCH2)  group  in 
the  form  of  (— CO— CH2— )  bond,  whose  existence  can  be  explained 
by  the  presence  of  pristine  or  partially  decomposed  malic  acid.  The 
sharp  band  appeared  at  about  1717  cm-1  can  be  associated  with 
symmetrical  stretching  vibration  of  (— C=0)  originate  from  ester- 
,  or  carboxylic  functional  group  [26], 

In  Fig.  3  the  powder  XRD  patterns  of  calcined  Ba2+  doped 
La,  xBaxCo03  (0  C  *  C  0.05)  perovskite  cobaltates  {<P=  1.7  for 
x  =  0.01,  and  0  =  7.7)  are  shown  in  the  20°  ^  2d  <  80°  range.  The 
patterns  of  the  samples  prepared  with  0  =  7.7  have  similar  inten¬ 
sities,  however  the  sample  prepared  with  0  =  1.7  shows  higher 
intensities  with  same  intensity  ratio  as  the  other  ones.  The  splitting 
of  the  reflections  (110)  and  (1 04)  at  26  rj  32.9°  and  26  r»  33.2°  (see 
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20  [°] 


Fig.  3.  Powder  XRD  patterns  of  Ba2*  doped  La,  xBaxCoO:J  (with  0  <  x <  0.05)  compounds. 


inset  picture)  is  better  visible  by  the  sample  with  lower  <P  due  to 
narrower  reflection  profile  caused  by  bigger  crystallite  size.  All 
samples  crystallize  in  single  phase  and  can  be  indexed  in  the  rhom- 
bohedral  symmetry  with  space  group  R-3c  (space  group  number 
#167  of  the  International  Tables  for  Crystallography  (ITC))  having 


lattice  parameters  of  approximately  apy/2  x  apy/ 2  x  2apy/3, 
y  =  120°  (hexagonal  setting),  where  ap  rs  3.8  A  corresponds  to  the 
ideal  cubic  perovskite  lattice  parameter.  In  the  R-3c  space  group 
the  atoms  are  located  at  M=La,  Ba  (0,  0,  %),  Co  (0,  0,  0)  and  O  (x, 
0,  %),  with  x  =  0.5  for  the  parent  LaCo03  phase  and  x  ~  0.5  for 
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Rietveld  refined  structural  parameters  for  Ba2*  doped  La,  xBaxCo03  (0  <  x  f  0.05)  perovskites. 


Compounds 

x  =  0 

x  =  0.01 

x  =  0.03 

x  =  0.05 

x  =  0.01 

Crystal  system  space  gri 

)UP  Rhombohedral  R  3  - 

c- 167;  a  =  /?  =  90°; 

<2  =  1.7 

y  =  120° 

<2>  =  7.7 

Lattice  parameters 

a  =  b(  A) 

5.436  (4) 

5.438  (4) 

5.440  (4) 

5.441  (4) 

5.442  (5) 

c(A) 

13.132  (4) 

13.126  (4) 

13.140  (4) 

13.145  (4) 

13.108  (4) 

Cell  volume  (A3) 

336.07(2) 

336.15  (2) 

336.76  (2) 

336.97  (2) 

336.15  (2) 

M  =  La,  Ba 

6aa 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

y 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.2500 

0.2500 

0.2500 

0.2500 

0.2500 

Biso  (A2) 

0.56  (2) 

0.47  (2) 

0.74  (2) 

0.74  (2) 

0.68  (2) 

Co 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

y 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

Bls„(A2) 

0.43  (2) 

0.60b 

0.30  (2) 

0.36(2) 

0.25  (2) 

O 

18ea 

0.4537  (3) 

0.4549  (3) 

0.4488  (3) 

0.4601  (3) 

0.4554  (3) 

y 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.2500 

0.2500 

0.2500 

0.2500 

0.2500 

Biso  (A2) 

1.34(1) 

1.86  (2) 

1.33(1) 

2.47(1) 

1.86(1) 

R-factors  (%) 

RP 

2.22 

2.13 

2.19 

2.06 

1.95 

Rwp 

2.93 

2.75 

2.94 

2.65 

2.49 

RBragg 

4.29 

4.77 

3.67 

4.05 

3.65 

Bond  length  (A) 

Co-0 

1.930  (3) 

1.929  (3) 

1.932  (3) 

1.927  (3) 

1.929  (3) 

Bond  angles  (") 
Co-O-Co 

165.00  (1) 

165.40  (1) 

164.36  (1) 

167.07  (1) 

165.55  (1) 

a  Atoms  are  located  at  tl 
b  After  refinement  B  sho' 

le  following  Wyckoff  positions, 
ws  for  Co  a  negative  value.  Therefore 

B  was  fixed  (standard  de\ 

nation  is  given  in 

brackets). 

Ba2+  substituted  phases  [27-29],  similarly  as  reported  for  the 
La,  xCdxCo03  system  [30], 

The  unrefined  XRD  patterns  of  the  Ba2+  doped  La,  xBaxCo03 
phases  (0  ^  x  ^  0.05,  <P  ~  7.7)  have  the  same  peak  intensities,  while 
the  Ba2+  substituted  LaCo03  phase  with  x  =  0.01  with  less  <P  «  1.7 
has  higher  peak  intensities,  with  same  intensity-ratio  (at  same  mea¬ 
surement  conditions).  Especially  the  main  reflections  at  26  «  32.9° 
(1 1  0)  and  26  rs  33.2°  (1 04)  show  stronger  splitting  at  low  <P. 

Because  of  the  similar  scattering  factors  (Sfac)  of  La3+  and  Ba2+, 
the  structure  factor  is  not  largely  affected  by  Ba2+  substitution, 
explaining  the  similar  relative  reflection  intensities  for  all  Ba2+ 
doped  LaCo03  phases  with  <t>  =  7.7.  Higher  intensities  with  smaller 
“Full  width  at  half  maximum”  (FWHM)  of  the  Ba2+  doped  phase  at 
x  =  0.01,  ^  rs  1.7  result  from  bigger  crystallite  size  (crystallites  in 
the  order  of  100-120  nm)  compared  to  the  Ba2+  doped  phase  pre¬ 
pared  at  <P  =  7.7  (crystallites  in  the  order  of  50-80  nm  and  broader 
reflections). 

The  structural  parameters  were  refined  using  the  Rietveld  meth¬ 
od,  see  Table  2.  The  higher  and  well-marked  intensities  for  Ba2+ 
doped  La,_xBaxCo03  at  x  =  0.01,  <P=  1.7  show  the  best  profile  fit, 
indicated  by  the  good  agreement  between  ya  undyc  for  all  samples 
and  the  small  profile  R-factors  Rp  and  Rwp.  The  intensity  fit  for  all 
samples  shows  good  fit  as  seen  in  small  Rbragg  values.  The  lattice 
parameters  and  the  calculated  cell  volume  for  all  compositions  are 
shown  in  Fig.  4  as  a  function  of  Ba2+  content.  Homogeneous  random 
and  solid  solutions  usually  obey  the  Vegard’s  law,  i.e.  composition 
and  structural  parameters  linearly  depend  on  each  other  [31 1 

The  expansion  of  the  unit  cell  volume  (A3)  and  the  increase  of 
cell  parameters  with  progressive  Ba2+  doping  (0  ^  x  ^  0.05)  are 


attributed  to  the  substitution  effect  in  which  La3+  (1.36  A 
[CN:12])  ions  are  replaced  by  bigger  sized  Ba2+  (1.61  A  [CN:12]) 
ions  [32],  The  compositional  parameter  x  increases  simultaneous 
to  the  lattice  parameters.  The  deformation  of  the  rhombohedral 
unit  cell  shows  anisotropic  effects,  which  is  seen  in  the  refined 
lattice  parameters.  The  parameter  a  =  b  for  the  Ba2+  doped  LaCo03- 
system  with  <P  =  7.7  increases  smoothly  with  increasing  Ba2+.  The 
lattice  parameter  (a  =  b)  for  the  Ba2+  substitutions  level  of 
x  =  0.01  with  <P  =  1 .7  increases  more  than  the  maximum  Ba2+ 
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Fig.  6.  Scanning  electron  microscopy  images  of  the  calcined  (973  K/6  h)  LBCO  perovskite  phases,  (a)  LBCOl,  (b)  LBCOla. 


doped  x  =  0.05  sample  with  <t>  =  7.7,  but  the  lattice  parameter  c  de¬ 
creases  to  values  below  the  lattice  parameter  of  the  pure  LaCo03 
phase.  The  assumption  of  anisotropic  lattice  parameter  effects  is 
strengthened  by  a  same  unit  cell  volume  of  the  same  Ba2+  substi¬ 
tutions  level  x  =  0.01  of  both  fuel-to-oxidizer  ratios.  Therefore  its 
understood  that  in  LBCOl  sample  Ba2+-ions  occupy  different  A- 
sites  in  the  AB03  structure  than  in  LBCOla  sample,  generating  an 
anisotropic  lattice  parameter  effect.  This  depends  on  the  chosen 
<P,  which  shows  a  direct  relation  to  the  reaction  time  during  the 
crystal  growth,  which  is  directly  linked  to  the  arrangement  of  the 
replacing  Ba2+  ions  in  the  lattice.  Hence  the  rhombohedral  distor¬ 
tion  increases  (as  evidenced  by  the  increasing  cell  volume  and 
increasing  lattice  parameter).  These  are  connected  to  the  substitu¬ 
tion  of  La3+  by  Ba2+  due  to  the  increased  amount  of  larger  sized 
Ba2+,  compared  to  the  pure  LaCo03  phase. 

A  decreasing  trend  of  the  Co— 0  bond  length  and  an  increasing 
trend  in  the  Co— 0— Co  bond  angles  are  ascertained,  see  Table  2.  Ex¬ 
cept  Laj  xBaxCo03  (3>  =  7.7,  x  =  0.03)  the  bond  length  is  larger  and 
the  bond  angle  is  smaller  compared  to  the  pure  LaCo03  phase.  It 
was  observed  for  the  Ba2+  doped  phase  (x  =  0.01 )  that  values  of 
the  Co— O  bond  lengths  for  both  fuel-to-oxidizer  ratios  were  the 
same  and  the  Co— O— Co  bond  angles  showed  similar  values. 

Substitution  of  A-site  La3+  by  Ba2+  results  in  a  formation  of 
electronic  (creation  of  mixed  valency  (Co3+— Co4+))  and/or  ionic 
defects  (creation  of  oxygen  vacancies),  latter  results  in  a  reduction 
of  cell  volume.  Due  to  increasing  cell  volume  (for  both  <P  values 
and  with  increasing  Ba2+  content,  as  well)  and  calculated  bond 
length,  it  was  inferred  from  Rietveld  refinements  that  charge  com¬ 
pensation  originates  mainly  from  electronic  defects  (i.e.  created 


mixed  valency  of  Co3+  and  Co4+),  rather  than  oxygen  vacancies 
(see  Table  2).  However,  it  cannot  be  ruled  out  that  a  combination 
of  mixed  valency  and  oxygen  vacancies  exist,  but  A-site  substitu¬ 
tion  seems  to  be  more  determined  by  Co  oxidation  than  oxygen 
deficiency  [33], 

The  transition  from  low  spin  (LS)  state  to  high  spin  (HS)  state  in 
the  parent  LaCo03  system  is  a  function  of  temperature.  We  assume 
that  larger  orbital  spread  is  preferred  and  the  Co3+  exist  in  high 
spin  (HS)  state,  due  to  increasing  cell  volume  through  bigger  sized 
Ba2+  ions.  On  the  other  hand  the  Co4+  (0.53  A  [CN:6])  with  smaller 
ionic  radius  than  for  Co3+  (0.61  A  [ CN : 6 ] )  ionic  radius  squeezes  the 
Co— 0  bond  length  (range  of  interatomic  distances:  Co3+(HS),  Co4+(- 
HS)— 0  =  2.01-1.93  A  [32],  Comparison  to  our  data  suggests  that 
the  Co4+  LS  ions  (energetically  favorable,  the  ionic  radius  for  Co4+ 
LS  is  not  defined,  but  must  be  smaller  than  the  Co4+  HS  state  ion) 
are  more  dominant  in  the  crystal  structure,  because  the  Co— O 
bond  length  shows  for  the  Ba2+  doped  samples  an  overall  trend 
to  shorter  Co4+(LS)— O  bond  length. 

In  Fig.  5  TEM  images  of  La,  xBaxCo03  are  presented.  Generally, 
the  polycrystalline  perovsldte  samples  obtained  from  gel  combus¬ 
tion  reaction  followed  by  calcination  at  973  K  have  an  average  pri¬ 
mary  particle  size  of  50-80  nm.  On  the  HRTEM  image  (Fig.  5b)  a 
highly  crystalline  particle  with  ordered  lattice  fringes  can  be  seen. 

Some  typical  SEM  images  taken  from  LBCO  samples  are  shown 
in  Fig.  6a  and  b.  Sample  prepared  with  lower  <P  (LBCOl ;  Fig.  6a) 
disposes  of  slightly  larger  primary  crystallite  size  than  that  of  sam¬ 
ples  prepared  at  higher  <P  (e.g.  LBCOla,  see  Fig.  6b).  At  constant  <P 
but  with  increasing  Ba2+  content  no  considerable  differences  in  pri¬ 
mary  crystallite  size  can  be  observed. 
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Fig.  7.  Cross  sectional  SEM  images  of  the  sintered  (1473  K/2  h)  LBCO  pellets,  (a)  LBCOl,  (b)  LBCOla,  (c)  LBCOlb,  (d)  LBCOlc. 


C0O3  (0.01  ■  x ;  0.05)  samples. 

In  Fig.  7a-d  cross  sectional  SEM  images  taken  from  cutting  sur¬ 
face  of  the  sintered  pellets  are  presented.  In  the  Fig.  7a  the  LBCOl 
sample  shows  high  compactness  and  less  grain  boundaries  can  be 
observed.  The  density  of  this  probe  determined  from  the  geometry 
and  mass  is  6.7  g/cm3,  which  corresponds  to  93%  of  the  theoretical 
density.  In  contrary  the  samples  prepared  with  <P  =  in  (i.e. 
LBCOla,  lb,  lc)  contain  distinct,  good  observable  crystalline  do¬ 
mains,  where  the  average  grain  size  falls  into  the  several  hundred 
nm  range  (grains  in  the  pm  range  are  also  presenting),  see  Fig.  7b 
and  d.  Indeed,  latter  samples  exhibit  high  amount  of  pores,  the 
geometrical  densities  vary  between  4.7  and  4.4  g/cm3,  which  cor¬ 
respond  to  about  65%  of  the  theoretical  density.  The  reason  for 
the  limited  grain  growth  of  the  samples  prepared  with  0  =  7.7  is 
supposedly  the  different  powder  characteristics  (e.g.  average  crys¬ 
tallite  size)  of  the  calcined  powder  samples.  The  LBCOl  sample 


Lai  «BaxCo03  (0.01  <x<  0.05)  samples. 

consists  of  bigger  crystallites  has  soft,  light  agglomerated  powder 
characteristic,  while  LBCOla,  lb,  lc  powder  samples  have  smaller 
sized,  coarse-grained,  highly  agglomerated,  rougher  structure  orig¬ 
inating  from  the  different  burning  characteristics  by  the  gel  com¬ 
bustion  step. 

In  Fig.  8a  the  Seebeck  coefficient  is  presented  in  the  tempera¬ 
ture  range  of  300-1300  K.  All  samples  undergo  transitions  from  a 
low  temperature  electrically  insulating  phase  with  high  Seebeck 
coefficients  to  a  high  temperature  insulating  phase  with  improved 
electrical  conductivities  and  lowered  values  of  the  Seebeck  coeffi¬ 
cients.  The  absolute  values  of  the  Seebeck  coefficients  are  nearly 
identical  for  the  two  samples  with  1%  Ba2+  substitutions,  while 
higher  substitutions  lead  to  a  decrease  of  S  (T<650K)  from 
400  pV/K  for  1%  Ba2+  to  200  pV/K  for  5%  Ba2+.  This  is  to  be  expected 
because  by  the  substitution  with  Ba2+  additional  charge  carriers  are 
introduced,  which  lead  to  a  decrease  of  Seebeck  coefficient.  In  the 
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Lai_xBaxCo03  (0.01  ^  x  <  0.05)  samples. 


samples. 

high  temperature  range  (7  >  650  I<)  the  values  of  Seebeck  coeffi¬ 
cients  are  nearly  temperature  independent  and  similar  for  all  sam¬ 
ples  with  values  around  25-30  pV/K. 

The  metal  insulator  transition  is  confirmed  by  measurements  of 
the  electrical  conductivity,  which  is  shown  in  Fig.  8b.  Here,  sample 
LBCOl  prepared  with  <P  =  1.7  at  1%  Ba2+  substitution  shows  the 
highest  conductivity.  This  is  due  to  the  highest  relative  density  of 
this  sample  (prei  =  0.93).  At  temperatures  below  450  K  the  other 
samples  with  comparable  densities  show  increasing  conductivities 
with  increasing  amounts  of  Ba2+.  This  finding  is  in  line  with  an  in¬ 
crease  of  carrier  concentration  by  Ba2+  substitution.  At  higher  tem¬ 
peratures  the  conductivities  of  all  samples  strongly  increase  more 
than  one  order  of  magnitude,  becoming  metallic  at  temperatures 
above  700  K. 

In  Fig.  8c  the  power  factor  of  the  samples  as  a  function  of  tem¬ 
perature  is  illustrated.  The  power  factor  displays  a  decreasing  char¬ 
acteristic  for  all  samples.  The  LBCOl  sample  shows  far  higher 
power  factor  than  that  of  the  other  ones  due  to  its  higher  density. 

The  temperature  dependence  of  the  thermal  conductivity  (/c)  of 
LBCO  samples  can  be  seen  in  Fig.  9.  LBCOl  sample  reaches  the 
highest  thermal  conductivity  values  because  of  its  high  compact¬ 
ness.  Samples  prepared  with  <I>  =  7.7  show  much  lower  thermal 
conductivity  (typically  under  1.5W/mK)  which  could  originate 
from  the  increased  number  of  grain  boundaries  (see  Fig.  7b  and 
d)  and  from  the  significant  porosity  in  the  sintered  bodies,  as  well. 
In  order  to  get  better  understanding  of  the  origin  of  reduced  ther¬ 
mal  conductivity  by  the  latter  samples  the  measured  k  values  were 


the  300-1300  K  temperature  range. 


corrected  with  the  calculated  porosity  of  the  sintered  pellets.  The 
corrected  thermal  conductivity  to  100%  density  (k0)  can  be  calcu¬ 
lated  by  the  following  equation  [34], 

K  =  K0(l  -  P)  (1) 

where  k  is  the  measured  thermal  conductivity  and  P  is  the  calcu¬ 
lated  porosity.  It  should  be  noted  that  Eq.  (1)  gives  only  a  rough 
approximation  for  corrected  thermal  conductivity  since  the  real 
pore  structure,  such  as  pore  size  distribution  and  pore  morphology 
will  be  not  taken  into  consideration.  It  follows  from  the  above  equa¬ 
tion  that  the  corrected  k0  represents  higher  values  with  respect  to 
the  measured  data.  In  Table  1  the  measured  thermal  conductivity 
data  at  7=  373  K,  the  porosity  and  the  corresponding  corrected  k0 
values  are  presented.  It  can  be  concluded  that  the  porosity  cor¬ 
rected  thermal  conductivities  for  LBCOl  a,  lb,  lc  samples  are  about 
the  half  that  of  LBCOl.  Supposedly,  this  could  originate  from  the  dif¬ 
ferent  microstructure  (i.e.  larger  number  of  grain  boundaries)  of  the 
sintered  bodies.  Regarding  whether  the  measured  k  or  the  corrected 
k0,  the  values  of  the  thermal  conductivity  of  the  samples  with 
increasing  Ba2+  content  are  comparable  and  the  LBCOl  c  sample 
with  the  highest  Ba2+  substitution  (i.e.  5%)  possesses  the  lowest  k 
value  (taking  into  account  the  whole  temperature  range  since  a 
slight  scattering  of  the  measured  data  occurs  in  the  lower  temper¬ 
ature  range).  This  phenomenon  can  be  explained  by  mass  disorder 
scattering  of  phonons,  reducing  the  lattice  part  of  the  thermal 
conductivity. 

Hereinbefore  it  has  been  demonstrated  that  the  increased  rela¬ 
tive  density  (i.e.  decreased  porosity)  of  the  sintered  pellets  results 
in  higher  thermal  conductivity  (see  e.g.  samples  LBCOl  and 
LBCOl  a),  which  has  negative  effect  on  ZT.  However  it  can  be  as¬ 
sumed  that  electrical  conductivity  of  the  more  porous  samples 
(LBCOl  a,  lb,  lc)  would  be  further  enhanced  if  more  dense  packing 
of  the  micron-sized  grains  would  be  achieved  (e.g.  due  to  optimiz¬ 
ing  sintering  conditions  or  using  other  sintering  techniques  like 
spark  plasma  or  microwave  sintering).  Hence,  the  improvement 
of  the  electrical  conductivity  due  to  lower  porosity  can  exceed 
the  efficiency  loss  due  to  increased  thermal  conductivity  of  the 
dense  polycrystalline  samples;  consequently  the  overall  ZT  can 
be  further  improved.  It  can  be  seen  in  Fig.  8b  that  the  extent  of 
the  electrical  conductivity  of  the  LBCOl  a  sample  is  about  50%  of 
the  LBCOl  sample,  which  could  originate  from  the  different  micro¬ 
structure  (i.e.  higher  fraction  of  pores  and  larger  number  of  grain 
boundaries).  Note  that,  both  samples  contain  nearly  1%  Ba2+,  as  it 
was  controlled  by  EDX,  as  well  (see  Table  1).  However,  the  major 
challenge  by  this  approach  is  obtaining  complete  removal  of  any 
organics  used  in  the  wet  chemistry  processes,  and  obtaining  as 
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close  to  100%  of  theoretical  density  during  compaction  as  possible. 
If  this  is  not  achieved,  the  carrier  mobility  will  be  substantially  re¬ 
duced  by  one  or  more  orders  of  magnitude  for  just  a  few  percent 
decrease  in  density  [35]  resulting  in  degraded  ZT. 

The  sample  with  3%  Ba2+  substitution  shows  at  lower  tempera¬ 
ture  range  a  ZT  value  of  0.08,  presented  in  Fig.  10.  At  higher  tem¬ 
peratures  all  the  samples  become  metallic  and  the  corresponding 
diminution  of  Seebeck  coefficient  leads  to  a  decrease  of  ZT. 


4.  Conclusion 

Soft  chemistry  synthesis  method  was  used  to  prepare  highly 
crystalline  single  phase  Ba2+  substituted  cobaltate  perovskite 
materials.  During  the  gel  formation  and  gel  combustion  no  precip¬ 
itation  of  insoluble  Ba2+  species  was  observed  which  led  to  perov¬ 
skite  samples  with  high  phase  purity,  proved  by  Rietveld 
refinement  of  the  XRD  data.  The  influence  of  fuel-to-oxidizer  ratio 
(<P)  on  the  microstructure  of  the  calcined  powder,  as  well  as  of  the 
sintered  pellets  was  investigated.  It  was  found  that  <P  has  crucial 
role  on  the  powder  microstructure  and  on  sinterability,  conse¬ 
quently  on  the  characteristics  of  the  sintered  pellet.  Consolidation 
of  the  powder  samples  results  in  sintered  bodies  with  different 
microstructures  depending  on  the  initial  powder  character.  This 
is  due  to  different  burning  characteristics  of  the  polymeric  gels 
during  combustion.  LBCO  samples  prepared  with  higher  0  exhibit 
coarse  grained  structure  in  contrast  to  a  finer,  light  agglomerated 
powder  structure  obtained  at  lower  0.  Thermoelectric  transport 
property  measurement  showed  that  all  samples  undergo  transi¬ 
tions  from  a  low  temperature  insulating  phase  (high  S)  to  a  high 
temperature  insulating  phase  (low  S).  The  electrical  and  thermal 
conductivity  showed  strong  dependence  on  the  microstructure. 
Increasing  Ba2+  substitution  lowered  the  thermal  conductivity  val¬ 
ues,  which  was  due  to  mass  disorder  scattering  of  phonons.  It  was 
further  concluded  that  thermal  conductivity  could  be  minimized 
by  using  coarse  grained  powder  samples  and  electrical  conductiv¬ 
ity  could  be  improved  by  optimization  of  the  sintering  procedure. 
The  calculated  dimensionless  figure-of-merit  (ZT)  showed  maxi¬ 
mum  value  for  La0.97Ba0.03CoO3  at  about  400  K  of  ZT  -  0.08. 
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